The global geoid is characterized by a semi-continuous belt of lows that surround the Pacific Ocean, including isolated minima in the Indian Ocean, Ross Sea and northeast Pacific and west Atlantic oceans. These geoid lows have been attributed to Mesozoic subduction 1, 2 . Geodynamic models that include slab graveyards in the lower mantle as inferred from seismic topography or from plate reconstructions correctly predict the general trend of geoid minima 3, 4 . However, these models fail to accurately reproduce localized geoid lows in the Indian Ocean, Ross Sea and northeast Pacific Ocean. Here we show that the geoid lows are correlated with high-velocity anomalies near the base of the mantle and low-velocity anomalies in the mid-to-upper mantle. Our mantle flow models reproduce the geoid minima if the mid-to-upper mantle upwellings are positioned above the inferred locations of ancient subducted slabs. We find that the long-wavelength trough in the geoid is linked to high-density slab graveyards in the lower mantle, whereas upwelling regions in the mantle above 1,000 km depth cause discrete lows within the larger trough. We suggest that this mode of upwelling in the mid-to-upper mantle is caused by buoyant hydrated mantle that was created by processes around and above subducted slabs.
tomographic images of seismic velocity to explore the hypothesis that geoid lows are spatially correlated with slab graveyards and high seismic velocities 1, 2 . It is clear that geoid lows are indeed underlain by volumes with high seismic velocities near the base of the mantle (Fig. 1b, Supplementary Fig. S1a ), but we also find that there are anomalously low seismic velocities in the upper part of the mantle in the same regions (Fig. 1c, Supplementary Fig. S1b ). These low-seismic-velocity anomalies are found at depths up to 1,000 km and have absolute amplitudes that are at least as large as the deeper high-velocity anomalies (Fig. 1d) .
A global analysis of the correlation between different tomography models and the geoid ( Supplementary Fig. S1e ) reveals that slow seismic velocities in the upper half of the mantle and fast seismic velocities in the lower half of the mantle are both correlated with geoid lows, whereas geoid highs have a similar strength of correlation with fast seismic velocities in the upper approximately 800 km of mantle (actively subducting slabs) and slow seismic velocities in the lower mantle (inferred to be superplumes and hotspots). The relatively high values of correlation between velocity anomalies and geoid lows, combined with our tectonic interpretations of cross-sections through the tomographic models (Fig. 1e, Supplementary Fig. S1c-d) , lead us to suggest that buoyant upwellings above slab graveyards play a significant role in producing the global pattern of geoid lows. Similar suggestions have been made previously to explain regional features of tomography models and the geoid. It was suggested that increased water content in the upper mantle beneath the US east coast 10 was supplied by the subducted Farallon slab and caused an extensive zone of low seismic velocities in the upper mantle. The geoid low between Antarctica and New Zealand is best explained by middle and upper mantle upwelling that followed the cessation of subduction beneath Gondwanaland 11 . To further investigate this hypothesis, we developed instantaneous models of global mantle flow based on density structures scaled from seismic tomography. Previous global geodynamic studies have used the geoid and gravity as constraints on seismic velocity-density scaling, and on mantle viscosity as a function of radius 3, 12, 13 , or more complex functions with radial and lateral parameterizations based on tectonic regionalizations 14, 15 . Regional models of the Tonga-Kermadec and Aleutian subduction zones 8, 16 show that significant lateral viscosity variations are required between upper mantle slabs and adjacent mantles wedges to match the geoid, whereas some global studies indicate that weak plate margins in the lithosphere are needed to match positive geoid anomalies over subduction zones 14 . Viscosity variation is defined differently for two sets of models: (1) Fig. S4 ). The choices of different tomographic models as input, and alternative models of lateral and vertical viscosity variation, have relatively greater impacts on geoid predictions than the choice of seismic velocity-to-density scaling relationship ( Supplementary Fig. S5 ).
The best-fitting model (Fig. 2a ) was found by a systematic parameter search (Supplementary Figs 1-5 ). The eastern hemisphere geoid low is predicted as a relatively continuous structure with distinct Ross Sea minima. Two separate geoid lows emerge in the western hemisphere in the northeast Pacific and western Atlantic oceans. The amplitudes of the Ross Sea and northeast Pacific Ocean geoid minima are predicted well, whereas the Indian Ocean low is systematically under predicted, which could be attributed to poor regional sampling by seismic body waves.
To investigate the importance of mantle upwellings, we removed the low-density anomalies in the upper-to mid-mantle depth range (Fig. 2b,c) . With positive buoyancy variations shallower than 1,000 km depth removed, predictions of localized geoid minima in the northeast Pacific Ocean and Ross Sea regions disappear (Fig. 2c) . The largest negative geoid anomaly in the Indian Ocean remains, but the amplitude is reduced. We could not find a model with reasonable seismic velocity-density scaling ( Supplementary  Fig. S5 ) that reproduces the observed amplitudes of geoid minima with only lower mantle slabs. Therefore, we conclude that buoyant upwellings above about 1,000 km depth cause localized highamplitude geoid minima, and the longer-wavelength geoid trough of amplitude −10 to −30 m that surrounds the Pacific Ocean Supplementary Fig. S3b ,g for the radial viscosity structure and seismic velocity-density scaling (viscosity ratio at 660 km is 1:100). All buoyancy anomalies are scaled from S20RTS tomography 17 . Correlation coefficients C 1 and C 2 between the predicted and observed geoid are calculated for the whole Earth's surface (C 1 ) and the region of geoid low (C 2 ). The red ellipses indicate four zones of localized geoid minima.
is related to accumulations of high-density Mesozoic slabs near the base of the mantle.
The negative geoid anomaly in the northeast Pacific appears to be due to upwelling located in the upper-to-mid mantle ( Fig. 2; Supplementary Table 1 ), and we suggest a possible causal relationship between this upwelling and lowermost mantle highvelocity material (Fig. 1e, Supplementary Fig. S1c ). If this highvelocity material is related to ancient subduction, it is substantially west of the Farallon slab 20 , and the exact timing and origin of its subduction zone source is unknown. For the Ross Sea geoid low, about 40% of the predicted low disappears as upwellings are stripped out of the upper mantle ( Fig. 2b; Supplementary Table 1) , and only 40% of the geoid low remains once the upwellings are removed in the upper 1,000 km (Fig. 2c, Supplementary  Table 1 ). We have previously proposed that anomalously high topography of Ross Sea to Marie Byrd Land region, excess Campbell plateau subsidence and the geoid low in the Ross Sea are causally related to low-density material above the Gondwana slab graveyard in this region 11, 21 . The Indian Ocean geoid low is not fitted well by models that reproduce other geoid anomalies, but models do show that about 20% of the predicted anomaly is related to mantle structure shallower than 1,000 km (Supplementary Table 1 ). The position of the Indian Ocean geoid low corresponds to the reconstructed position of Tethyan subduction 22 . It is possible that an upwelling was created by interaction of this slab with the upper-to-mid mantle, as implied by the TX2005 (ref. 19 ) model ( Supplementary  Fig. S1 ). Such an upwelling may not be well imaged by tomographic models, but could explain the relatively small Cenozoic subsidence of India 23 , as compared with that expected from movement over a mantle downwelling, such as the observed subsidence of Australia 24 and North America 25 . If the upwelling was located above the subducting slab when India drifted northward, the dynamic effects of these two opposing anomalies could cancel and India would not experience significant subsidence or uplift, consistent with the record of limited marine flooding on the Indian continent 23 . The western Atlantic Ocean geoid signal is complicated by incomplete postglacial rebound in North America, with our geodynamic models predicting a geoid low to be more spatially constrained than the observed geoid low (Fig. 2) . However, tomography inversions reveal an extensive zone of low seismic velocities in the upper mantle along the US east coast 10 located above the subducted Farallon slab. The upwelling in the western Atlantic Ocean along the US east coast has previously been attributed to increased water content in the upper mantle, probably supplied by subduction of the Farallon slab 10 . Our models indicated that about 40% of the geoid low in the western Atlantic Ocean results from upper-to-mid mantle low-density upwellings ( Fig. 2 ; Supplementary Table 1) .
As the low-density material that we identify is often above ancient subducted slabs, we suggest that it is causally related. We propose that the low density of the mantle in these regions could be a result of phase separation (for example, melting), hydration reactions or some other form of chemical alteration by ancient subducted slabs. This hypothesis is supported by mineral physics studies that have investigated phase relationships in the olivine-water system 27 and the mantle 28 water storage capacity. Experimental studies on the effects of water on the kinetics of the olivine-wadsleyite system 27 indicate that, in addition to the mantle wedge in subduction zones and the mantle transition zone, two dehydration sites exist in the lower mantle: the top of the lower mantle where hydrous ringwoodite and superhydrous phase B decompose, and 1,200-1,500 km depth where phase D(G) decomposes. However, at present, as far as we are aware, there are no mineral physics studies that link the amount of water in the upper reaches of the lower mantle to perturbations in seismic velocities.
Our models confirm that deep slab graveyards are responsible for the long-wavelength geoid trough. We also find evidence for low-density mantle upwellings at upper-to-mid mantle depths above this region of subducted Mesozoic slabs, and confirm them to be a primary cause of high-amplitude intermediate-wavelength geoid minima within the global belt of geoid lows. We could not construct a model with reasonable velocity-to-density scaling and viscosity structure that reproduced localized geoid minima without these low-density upwellings in the upper 1,000 km of the mantle. Although recognized in regional studies of the US east coast 10 and the Antarctica-New Zealand conjugate margins 11, 21 , such upwellings have not previously been investigated globally and we propose that they constitute a previously unrecognized mode of mantle upwellings 26 that is causally related to the activity of ancient subduction zones.
Methods
We develop instantaneous models of mantle convection using the finite element code CitcomS version 3.1 (ref. 29) , which solves the equations of mass, momentum and energy for an incompressible, Newtonian fluid, while making the Boussinesq approximation. We calculate the dynamic topography and geoid accounting for the effect of self-gravitation using a no-slip surface boundary condition. The background mantle is defined as isothermal with a non-dimensional temperature of 0.5, and thermal anomalies are defined with respect to the background mantle by combining seismic tomography in the whole mantle and a synthetic slab model in the upper mantle. Lower mantle thermal anomalies are always defined by appropriate scaling of seismic tomography (Supplementary Fig. S5 ). Upper mantle cold downwelling anomalies are defined either by appropriate scaling of positive seismic tomography anomalies or from contours of Benioff zone seismicity used in the regionalized upper mantle seismic model 30 , whereas upper mantle hot upwelling anomalies are scaled negative seismic anomalies. Seismic velocity-to-density scaling follows a similar approach to previous studies 3, 12 , and we assume that all buoyancy anomalies are thermal in origin and calculate the temperature anomaly using constants defined in Supplementary Table  1 , a depth-independent value of the coefficient of thermal expansion and a depth-dependent scaling. Mantle background viscosity is defined as four layers, which is modified by tectonic regionalization and temperature dependence ( Supplementary Fig. S2 ). The resolution of the models is approximately 50 km, as we use 129 × 129 nodes per CitcomS cap in map view, and 65 nodes in the vertical direction. Resolution tests are shown in Supplementary Fig. S6 . Parameters that remained constant in the model runs are shown in Supplementary Table S2. 
